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Phonon anomalies in pyrochlore iridates studied by Raman spectroscopy
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We report polarization-resolved Raman scattering measurements on single crystals of the pyrochlore com-
pound Eu,Ir,O; which exhibits a ground state with noncollinear magnetic order, as well as its paramagnetic
counterpart Pr,Ir,O;. The spectra reveal the six Raman-active optical phonons expected for the pyrochlore
lattice symmetry. Combined with density functional calculations, polarization analysis of the Raman intensity
allows us to assign all observed peaks to specific vibration patterns. Whereas most phonon profiles are weakly
temperature dependent, an Ir-O-Ir bond-bending vibration in Eu,Ir,O; exhibits a pronounced Fano asymmetry
in the paramagnetic state, and marked softening and line-shape anomalies at the magnetic phase transition. These
observations indicate strong electron-phonon interactions, which must be considered in models of the electronic
properties and phase behavior of the pyrochlore iridates. In addition, a prominent feature appears at 210 cm™"
in the Raman spectrum of Eu,Ir,O; below the magnetic transition temperature, possibly due to a magnetic

excitation.
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I. INTRODUCTION

Electronic correlations and topological phenomena are
major themes of contemporary solid-state physics. Whereas
research in both areas evolved from different origins, several
emerging research frontiers now encompass both strong elec-
tronic correlations and topological complexity; prominent ex-
amples include topological superconductors and Kitaev spin
liquids [1]. Materials with 4d and 5d electrons are fertile
platforms for exploration of these ideas, because the large
spin-orbit coupling (SOC) of the valence electrons can both
effectively enhance electronic correlations (by narrowing the
valence band) [2] and generate topologically complex wave
functions (by promoting spin-momentum locking) [3].

Iridates of composition R,Ir,O; (where R is a rare-earth
element) have received particular recent attention in this
regard. The Ir** ions with valence electron configuration
5d° and total angular momentum J = % are arranged on
the geometrically frustrated pyrochlore structure. Due to the
confluence of strong SOC, strong Coulomb correlations, and
geometric frustration, the pyrochlore iridates undergo multi-
ple magnetic and metal-insulator transitions as a function of
temperature, chemical composition [4—6], pressure [7-9], and
magnetic field [10-13]. Figure 1 shows the phase diagram as
a function of temperature and the radius of the R ions, which
modulates the valence-electron bandwidth and hence the ef-
fective correlation strength. Whereas compounds with large
R and large bandwidth are paramagnetic metals in the entire
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temperature range [14,15], compounds with smaller R exhibit
a magnetically ordered state with sharply reduced electrical
conductivity below a temperature Ty that depends on R. The
magnetic ordering pattern is the so-called “all-in/all-out”
(AIAO) configuration with Ir magnetic moments pointing into
and out of the tetrahedral units of the pyrochlore lattice in an
alternating fashion [16—18]. For compounds with the smallest
R, the electrical conductivity exhibits insulating behavior even
in the paramagnetic state. The phase diagram is analogous to
other systems with Mott metal-insulator transitions [19], but
the unusual electronic structure of R,Ir, O as well as a host of
anomalous thermodynamic, spectroscopic, and transport data
have stimulated various proposals for topological phases and
excitations [3]. What is missing to date is an experimental
insight into the role of lattice degrees of freedom. Theoretical
work (see for instance Ref. [20]) suggests that the electron-
lattice coupling plays a vital role in the determination of the
ground states.

We have used polarization-resolved Raman scattering to
measure the temperature evolution of phonon and magnon
excitations in R,Ir,O; single crystals with R = Pr and Eu,
which together cover all phases in the diagram of Fig. 1.
Whereas Pr,Ir,O7 is a paramagnetic metal at all temperatures
[15], EuyIr,O5 is insulating already in the paramagnetic state
and exhibits AIAO order below Ty = 115 K [6]. However,
details of the crystal structure and magnetic ordering pattern
are still under investigation [21,22]. Since lattice distortions
can relieve magnetic frustration, coupling between the spin
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FIG. 1. (a) Schematic of the R,Ir,O; unit cell. The blue spheres
indicate the rare-earth ions and the green ones are the iridium
ions. The oxygen ions are not depicted for simplicity. (b) Phase
diagram of R,Ir,O; as a function of rare-earth ionic radius and
temperature. PI stands for paramagnetic insulator, PM stands for
paramagnetic metal, and AFI stands for antiferromagnetic insulator.
The R = Eu and R = Pr compounds are marked by arrows. (c) Ra-
man scattering spectra of Pr,Ir, O for the polarization configurations
2(XX)z, z(XY)z, z(X'X")Z, and z(X'Y’)Z at room temperature. The
red triangle indicates the A;, mode, the blue squares are the E, mode,
and the green circles indicate the 75, modes.

and lattice degrees of freedom has been the subject of in-
tense investigation for many geometrically frustrated magnets,
including especially pyrochlore materials [23-27]. The line
shapes of phonons and their renormalization at the onset of
magnetic order yields specific information on the spin-phonon
coupling, and on the coupling between phonons and charge
fluctuations in the case of electrically conducting systems. We
indeed find large phonon anomalies induced by the onset of
magnetic order in Eu,Ir,O7, and discuss them in terms of
different electron-phonon coupling mechanisms. In addition,
the observed Raman features are likely attributable to magnon
excitations in the AIAO state, which are consistent with recent
observations by resonant inelastic x-ray scattering (RIXS)
[28].

II. EXPERIMENTAL DETAILS

High-quality single crystals of PrIr,O; and EuyIr, Oy
were grown by the KF flux method, as described previously
[29]. In the as-grown state, the crystals are octahedron-shaped
with (111) facets. We polished a (001) plane of the sam-
ples with lapping films of sufficiently fine grain-size for a
contamination-free polarization analysis. The Raman exper-
iments were carried out with a Jobin-Yvon LabRam HR800
spectrometer using the 632.8-nm excitation line of a He-Ne
laser. Laser heating was minimized by keeping the laser
power below 1.2 mW, and all measured spectra were cor-
rected for heating following Ref. [30]. Specifically, systematic

measurements of the laser power dependence of phonon en-
ergies showed that the heating is no longer negligible above
0.7 mW. The laser power used in the present study may heat
the sample by ~20 K. As we will show later, the corrected
critical temperature, at which the spectra change markedly, is
consistent with the magnetic transition temperature.

The samples were placed in a He-flow cryostat, and the
measurements were conducted in backscattering geometry
with light propagating along the crystalline [001] axis, while
the polarization of the incident and scattered light was varied
within the (001) plane. The spectra were measured in four po-
larization configurations, namely z(XX )z, z(XY)z, z(X'X")zZ,
and z(X'Y’)z, where z (Z) denotes the propagation direction of
the incident (scattered) light. X (Y) represents the polarization
of incident or scattered light along the [100] ([010]) crystallo-
graphic direction, and X' =X +7Y, Y/ =X — Y. According
to a group-theoretical analysis of the pyrochlore structure
(space group Fd3m), the corresponding Raman spectra for
the four polarization configurations are composed of Ay, +
E,, Tog, Aig+ E;+ Tog, and E, contributions, respectively.
The unit cell of RyIr,O; consists of eight formula units. The
factor group analysis yields the following optical-/acoustic-
phonon modes [31,32]:

P =A,+ E; + 4T + 7114,
r*® =rm,.

The first six optical modes are Raman active, and the last
seven are infrared active.

III. RESULTS AND DISCUSSION

Figure 1(c) shows polarization-resolved Raman spectra of
the R = Pr compound at room temperature. In the z(X'X')z
geometry, in which all Raman-active lattice vibration modes
are allowed, we indeed observe the six peaks expected in the
Fd3m symmetry. In the z(X'Y’)Z geometry, the expected E,
mode is clearly visible around 330 cm™!. In the z(X X )Z geom-
etry, which allows an A, mode in addition to the E, mode, a
sharp peak is observed at 508 cm ™! and can be assigned to the
A1, mode. Finally, four T5, peaks are observed in the z(XY )z
scattering geometry at 302, 378, 554, and 646 cm~! [hereafter
referred to as T, (1), (2), (3), and (4), respectively], in agree-
ment with the group-theoretical analysis. These modes are
closely similar to phonon modes previously revealed in Ra-
man experiments on isostructural pyrochlore oxides [32,33].
The peak observed at 610 cm~! in z(XY)Z configuration
and the broad one at 650 cm™! in z(XX)Z geometry can be
attributed to multiphonon modes.

To associate the observed modes with specific vibration
patterns, we calculated the energy of zone-center phonon
modes by density functional perturbation theory [34] as
implemented in the Quantum ESPRESSO [35] package, with
the lattice parameters reported in Ref. [29]. The calcula-
tions were performed within the generalized gradient ap-
proximation of Perdew, Burke, and Ernzerhof (PBE GGA)
[36] using the fully relativistic ONCV pseudopotentials [37].
The calculations included the spin-orbit interaction while
the spin polarization was not allowed. Hence the calculated
systems are metallic. We used a 4 x 4 x 4 k-point grid for the
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TABLE I. Observed and calculated Raman-active phonon frequencies in R,Ir,O; at room temperature.

Observed/calculated frequencies (cm™")

Material The(1) E, T5e(2) Arg T5,(3) Try(4)
Pr,Ir, 0, 301.8/300.0 333.3/355.5 377.9/400.9 506.0/514.2 554.3/567.1 646.2/635.3
Eu,Ir,0; 302.5/317.4 336.8/371.2 379.5/416.9 507.8/529.6 543.1/588.0 680.2/676.8

Brillouin-zone integration and a plane-wave cutoff of 75 Ry.
The results show that the A, and E, modes are mostly
composed of Ir-O bond bending modes. The T, peak with the
highest frequency corresponds to Ir-O stretching modes, while
the lowest two involve R-O stretching modes. The T54(3) mode
corresponds to vibrations of the O’ ions surrounded by eight
R ions. We show the observed and calculated Raman-active
phonon frequencies for R = Pr and Eu in Table I, and the
infrared-active ones in Table II with experimental data taken
from Ref. [6]. Most of the peak energies are almost identical in
the two compounds, except for the high-energy Ir-O stretching
vibration with 75, symmetry. The calculated and observed
Raman energies are in good agreement, except for the R-ion
dependence which is overestimated in the calculations. This
discrepancy may in part be attributable to coupling between
phonons and low-energy excitations of the valence electrons,
which is not included here. It is noteworthy that the E,
vibration mode is two times broader than the other modes, as
previously reported for the spinel chromite CdCr,O4 which
exhibits a strong magnetoelastic coupling [38]. The same
behavior is also observed for R = Eu (Fig. 2), despite the
different ground states of both compounds.

‘We now turn to the temperature dependence of the Raman
spectra for R = Pr and Eu (Fig. 2). Most of the phonon modes
gradually sharpen with decreasing temperature, as expected as
a consequence of lattice anharmonicity [39,40]. For Pr,Ir,0;
we note a weak additional mode that appears at 450 cm™!
[marked by a blue triangle in Fig. 2(a)] at low temperature.
Prior Raman and neutron scattering work on Pr pyrochlore
compounds including Pr,Zr,O7, [41] Pr,Ru,07 [42], and
Pr,Sn, 05 [43] also detected a mode at this energy, which was
attributed to Pr crystal-field excitations. The strongly reduced
intensity of this mode at elevated temperatures may then
reflect scattering of conduction electrons from the localized
Pr 4f electrons, as observed in other lanthanide compounds
[44]. Additional Pr crystal-field excitations are expected at
lower energies (~135 cm™!), but these excitations are masked
in our metallic compound by intense quasielastic scattering
from low-energy charge excitations of conduction electrons
[Fig. 2(c)].

The Raman spectra of the R = Eu compound exhibit a
more pronounced temperature dependence [Fig. 2(d)]. Upon
cooling, an intense peak emerges in the E, channel around

210 cm™! (marked by a red triangle), and the E, vibration
mode at higher energy shows a strong anomaly. To gain
more insight into this behavior, we conducted more detailed
measurements of the temperature dependence of the R = Eu
phonons in the z(X'Y’)Z configuration, which only allows E,
symmetric excitations. Figure 3 displays the Raman spectra of
EusIr,0; in the energy range from 150 to 400 cm~'. The new
mode appears upon cooling below T ~ Ty and hardens from
207 cm~! at 100 K to 211 cm™! at 30 K, while the intensity
increases in a manner consistent with the magnetic order
parameter. We note that earlier work on Eu,Ir,O7 polycrystals
also reported the appearance of three new peaks below Ty
[45]. The frequency of one of these peaks is close to the one
we observe in E, geometry.

Following the discussion for R = Pr above, one might at
first be tempted to assign the new peak to a Eu crystal-
field excitation, although its intensity is much larger than the
450 cm~! mode in Pr,Ir,O;. However, prior work on other Eu
pyrochlore compounds has shown that the Eu®* ions are in a
singlet ground state, and that crystal-field excitations appear
only at much higher energies [46].

Alternatively, the 210-cm~! excitation could be viewed as
originating from the E, phonon at 340 cm™~". In this scenario,
the double degeneracy of this mode in the paramagnetic state
is split at a structural transition coinciding with 7y, resulting
in two nondegenerate Eg phonons at 210 and 310 cm™'.
However, the energy difference between these two phonons
would be about two orders of magnitude larger than typical
effects of this kind in other compounds [24-26,38]. This
would imply a massive rearrangement of the lattice structure,
which should also greatly affect other phonon modes and
should have been detected by diffraction probes. Since such
effects have not been reported, this interpretation appears
implausible. Based on its appearance below Ty, we tentatively
assign this mode to a single-magnon excitation that becomes
Raman active by virtue of the strong SOC and consequent
noncoplanar magnetic ordering pattern. The intensity of the
mode is higher than in typical collinear antiferromagnets [47],
but comparable to the one for magnons in other noncollinear
magnets such as the canted antiferromagnets FeBr, [48] and
FeF, [49]. The energy of the mode for T « Ty is consistent
with the zone-center gap of dispersive magnons recently
reported by resonant inelastic x-ray scattering (RIXS) [28].

TABLE II. Observed and calculated infrared-active phonon frequencies in R,Ir,O; at room temperature. The experimental data were taken

from Ref. [6].

Material Observed/calculated Ty, frequencies (cm™!)
Pr;Ir, 0 105.1/107.0 149.5/149.3 203.5/208.0 339.4/354.0 412.7/438.4 464.8/481.2 581.5/584.1
Eu,Ir, 04 114.6/112.0 149.5/150.2 206.4/220.5 339.4/367.2 433.9/461.2 487.9/497.0 633.5/625.9
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FIG. 2. Raman spectra of (a),(b) 1>, modes and (c),(d) A, + E,
modes for (a),(c) R = Pr and (b),(d) R = Eu at several temperatures.
The color bar represents the sample temperature.

We note that, close to Ty, the RIXS data suggest a somewhat
stronger softening of the magnon than our Raman data. Future
developments of spectroscopic techniques will serve to test
our interpretation.

We now turn to the polarization dependence of the
210-cm~! mode. According to the standard Fleury-Loudon
theory [50], the single-magnon excitations should appear in
XY polarization (75, geometry in our notation). Indeed there
is a small increase in spectral weight in this geometry below
Ty [Fig. 2(b)], but the intensity in E, geometry is much
more pronounced [Fig. 2(d)]. We note, however, that the
Raman selection rules for magnetic excitations in noncollinear
structures can be quite complex, as documented for instance
in experimental and theoretical work on the magnetic field-
induced canted state in La,CuQO,4 [51,52] which revealed
magnon modes that are “forbidden” in the Fleury-Loudon
theory. In addition, longitudinal magnetic excitations with
selection rules different from those of the standard transverse
magnons have recently been found in Raman experiments on
Ca,RuQy, a material that (like Eu,Ir,O7) exhibits a metal-
insulator transition and comprises soft “pseudospins” com-
posed of both spin and orbital components [53]. Finally,
there is still considerable uncertainty regarding details of the
magnetic ground state, which can also influence the Raman
selection rules [21,22]. To conclusively establish the origin
of the 210-cm ™! mode, further investigations of the magnetic
ground state and the Raman selection rules of low-energy
magnetic excitations are therefore required.

In view of the asymmetric line shape of the observed
phonons, we fitted them with Fano profiles written as I(w) =
Io(g + €)*/(1 + €?%), where € = (w — wy)/T", wy is the reso-
nant energy, I is the linewidth of the vibrational state, and ¢ is
the Fano asymmetry parameter [54] which measures the ratio

(a) all-in all-out state (b) E, vibration mode 7 1.0
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FIG. 3. (a) Schematic of the all-in/all-out magnetic ordering
configuration. The arrows stand for the Ir magnetic moments.
(b) Atomic displacements of the E, lattice vibration mode. The
arrows indicate the motion of the O ions. (c) Raman spectra in the
Z(X'Y')z scattering geometry for the R = Eu compound at several
temperatures. (d) Raman spectra in the z(X'Y")z at 30 K (purple) and
300 K (red), respectively. The fitting curves are indicated by black
curves.

of phonon scattering to the background scattering amplitude
yielded by an excitation continuum. The E, spectra at all tem-
peratures are well fitted with Fano profiles, as demonstrated
in Fig. 3(d). Figure 4 displays the temperature dependence
of the resulting fitting parameters. Whereas the parameters
characterizing the phonons in Pr;Ir,O; and the 75, modes
in Eu,Ir, 07 exhibit smooth temperature dependences without
any discernible anomalies [Figs. 4(d)—4(f)], the E, lattice
vibration mode in Eu,Ir,O7 is highly anomalous [Figs. 4(a)—
4(c)]. The phonon energy is nearly temperature independent in
the paramagnetic state, but abruptly decreases by ~35 cm™!
below Ty. In contrast to the other phonons, the linewidth of
the E, mode increases with decreasing temperature in the
paramagnetic state, and exhibits a sharp maximum below Ty
while the Fano asymmetry 1/|q| drops by a factor of 4. [55]

We first address the large softening of the E, phonon.
Phonon energy shifts can in principle be caused by mod-
ulations of the static lattice structure across the magnetic
transition. Since the specific heat indicates that the transition
is continuous [4], the modulated lattice structure should be
described by a subgroup of Fd3m. Continuous structural tran-
sitions have indeed been observed in other geometrically frus-
trated magnets with Fd3m symmetry, including pyrochlore-
type Cd;Re, 07 [24,25] and spinel-type (Cd, Zn)Cr Xy (X =
0O, S, Se) [26,27,38]. In each case, phonon peak splittings
were reported not only for the E, symmetry, but also for
modes in other scattering geometries, in contrast to our data.
Furthermore, previous x-ray and neutron-diffraction studies of
Eu,Ir, 07 and other pyrochlore iridates report no indication of
a lowering of the lattice symmetry [16,18,56].
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FIG. 4. Temperature dependence of (a),(d) linewidth, (b),(e) the
inverse of the Fano asymmetry parameter 1/|g|, and (c),(f) Raman
shift of selected phonons in Eu,Ir,O; and Pr,Ir,O;. Panels (a)-
(c) are for the T5, (2) phonon mode, and (d)—(f) for the E, mode,
respectively.

Frequency shifts of optical modes can also occur as a con-
sequence of magnetostrictive effects following the Griineisen
law, as observed for instance in multiferroic RCrO; which
shows an abrupt lattice volume modification below the mag-
netic transition temperature [57,58]. In the case of Eu,Ir,07,
however, there is almost no anomaly in the temperature
dependence of the lattice constants [56]. Finally, we note
that Liang et al. discovered a C4; symmetry breaking in the
R = Eu compound by using torque magnetometry [21], which
was later attributed to multipolar ordering [22]. The present
Raman spectra may be more sensitive to subtle structural
distortions associated with electronic ordering phenomena
than standard x-ray experiments.

Nonetheless, the large shift of the E, phonon energy at Ty is
difficult to explain on the basis of static atomic displacements
alone. This conclusion is underscored by the observation of
the pronounced Fano line shape of this mode, which indicates
dynamical coupling of the vibrational mode to a continuum
of excitations, and by the large anomalies of the parameters
I" and 1/|q| at Tyy. We distinguish three different mechanisms
that can lead to such anomalies:

(1) Modulation of the exchange interactions via excitation
of phonons. This “spin-phonon coupling” mechanism [59,60]
has been widely discussed for insulating compounds with 3d
valence electrons [38,61-65]. Recently, an extended model,
which includes spin-space anisotropies, has been shown to
account for the energy shift of phonons in Cd,0s,07 [66]
(where phonon anomalies of magnitude comparable to those
in EuyIr,O; have been reported). The linewidth anomalies
at the magnetic ordering transition generated by this mech-
anism are rather small in conventional magnetic insulators,

but can become substantial if there are pronounced intersite
spin-orbital fluctuations in the paramagnetic state [67], which
may well be the case in EuyIr,O7. We also note that the E,
mode corresponds to an Ir-O-Ir bending mode [Fig. 3(b)],
which is expected to modulate the superexchange interaction
or Dzyaloshinskii-Moriya interaction between Ir pseudospins.
These interactions can play an important role in the stabi-
lization of the all-in all-out magnetic order, as suggested in
Ref. [68]. It should be noted that the A;, mode, which is also
an Ir-O-Ir bending mode with the same phase, shows no ob-
servable energy shift below Ty. This may indicate deviations
of the magnetic ordering pattern from the perfect all-in all-out
state, as suggested in Refs. [13] and [22].

(ii)) Phonon-induced modulation of the orbitals, which
affects magnetism via the on-site spin-orbit coupling. This
mechanism has been discussed for the insulating square-
lattice iridates [30,69]. In iridates with the orbitally nonde-
generate J = % ground state, including Eu,Ir,O;, dynami-

cal admixture of the J = % levels can generate substantial
pseudospin-phonon coupling and phonon linewidth anoma-
lies.

(iii) Electron-phonon coupling through charge fluctuations.
This effect can lead to large phonon line-shape anomalies at
spin-density-wave transitions in metals which open up gaps
on the Fermi surface, as observed for instance in the iron
pnictides [70]. Eu,Ir,O7 exhibits an optical gap of ~200 meV,
much larger than the phonon energy, but the gap is soft
and shows a long low-energy tail [6]. The electrical con-
ductivity of Eu,Ir,O; decreases with decreasing temperature,
but its magnitude is substantial in the paramagnetic state
and decreases sharply upon cooling below Ty. Temperature-
dependent charge fluctuations may therefore also contribute
to the phonon anomalies in this material.

These considerations suggest that the Ir-O-Ir bond-bending
vibration in Eu,Ir, 07 is strongly coupled to a continuum com-
posed of spin, charge, and orbital excitations via a confluence
of all three mechanisms. The increase of the Fano asymmetry
upon cooling in the paramagnetic state [Fig. 4(c)] may reflect
an extended critical fluctuation regime, which is expected
in view of the geometrically frustrated pyrochlore structure.
With the onset of all-in/all-out magnetic order, a gap (or
pseudogap) of magnitude larger than the phonon energy de-
velops in this continuum, so that the coupling is quenched and
the Fano asymmetry is reduced [Fig. 4(b)]. Since electronic
spectral weight is expected to pile up at energies above the
gap, the nonmonotonic 7 dependence of the linewidth T’
may be a consequence of the continuous closure of the gap
upon approaching 7y. An analogous temperature evolution
of I' is also observed for some phonons in high-temperature
superconductors due to the opening of the superconducting
gap [71].

In conclusion, our Raman experiments on Eu,Ir,O; have
revealed unusually strong anomalies of a specific phonon
mode that involves Ir-O-Ir bond bending vibrations. These
data should motivate in-depth theoretical work on the mi-
croscopic mechanism responsible for the electron-phonon
coupling, and on the influence of electron-phonon interactions
on the anomalous electronic properties and phase behavior of
the pyrochlore iridates and related compounds.
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